Ultrastructure of the A-V node was studied in two human hearts 
IN THE mammalian heart the A-V (atrioventricular) node is a small structure of critical importance to normal cardiac function. With every normal cardiac cycle there is a slight delay (approximately 0.04 sec) in A-V transmission which is thought to occur in or near the atrionodal junction. If the normal pacemaker of the heart (the sinus node) fails, one of the most efficient alternate pacemakers is believed to be in or near the A-V node. For the fullest understanding of how the A-V node works, one must include detailed knowledge of its anatomy. Certain structural features of the A-V node can only be studied with the electron microscope. These features include the membranes of individual cells, intercellular junctional relations, and the nature and the distribution of intracellular organelles. The potential importance of a clearer understanding of these anatomic features applies especially to interpretation of microelectrode electrophysiological studies, but a re-synthesis of the ultrastructural details based on light microscopic findings will help clarify function at the more complex multicellular level in the A-V node.
Methods
The two principal problems in studying the ultrastructure of the human A-V node lie in finding this small structure and in the necessity of using postmortem material. How we have coped with these two problems is described in detail in a previous report on the comparative ultrastructure of the human and canine sinus nodes.' The procedures are briefly as follows:
Specimens to be prepared for ultra-thin sectioning are usually about 1-mm cubes, which means any area to be studied in this fashion must either be a large mass of relatively homogeneous tissue (for example, liver or skeletal muscle) in which any millimeter cube is suitable, or if it is a special small region, one must be particularly familiar with its gross and microscopic anatomy. Based on several years of experience with microscopic studies of human2 and subhuman3-5 A-V nodes, we were confident of finding the proper structure. A number of additional check procedures to assure identity of the final specimen were found satisfactory for the sinus node1 and applied again here. From light microscopic examination of sections prepared as alternate 1-mm slices of A-V node obtained between the ones from which ultra-thin specimens were prepared, and from similar examination of the entire remaining tissue after the A-V nodal area had been carefully cut out and removed for electron microscopy, it was determined that all tissue studied for ultrastructural detail was from within the A-V node or less than 1 mm from its atrial margin ( fig. 1 ). Of all the 1-mm cubes examined, about 90% were from within the A-V node. None was from the region of His bundle. To minimize postmortem changes, the human specimens were obtained and fixed within 3 an intercellular indentation at the junctional surface and profiles of interrupted junction are sometimes seen continuing inward at deeper levels ( fig. 9 ).
Intermembrane distances between cells of the A-V node are similar to those of the sinus node. When cells are covered with both membranes, their distance apart is extremely variable and may be considerable, as can be appreciated from light microscopic examination (figs. 2 and 3). Between cells there are collagen, numerous unmyelinated nerve endings, and capillaries. No nerve endings were found to terminate directly on any cell surface in the A-V node, a situation identical to that in the sinus node and in contrast to the specialized nerve terminals on the cell surface in skeletal muscle. There is more intercellular collagen in the adult's A-V node than in the child's, but in both there is much less collagen than in the sinus node. When plasma membranes are apposed without an accompanying basement membrane, the intercellular distance appears constant at about 100 Angstrom units. No tight junctions were found between cells of the A-V node. The usual thickness of the plasma membrane itself was about 80 Angstrom units and that of the basement membrane about 120.
Junctions between working cells and Purkinje cells were through typical intercalated discs. Between transitional cells, and between them and either working or Purkinje cells, there were usually intercalated discs but of rather simple structure (figs. 9 and 10). There were no fully developed intercalated discs between transitional cells and P cells nor between P cells. Between P cells the principal form of junction was plasma membrane to plasma membrane apposition, with a few scattered desmosome-like thickenings in apparent random placement (figs. 4, 5, and 12) . Between P cells and transitional cells there were usually more frequent desmosomes on the apposed plasma membranes. Desmosomes were of constant thickness, measuring about 1,000 Angstrom units across both components taken perpendicular to the long axis of the plasma membrane; parallel to the long axis of the plasma membrane the desmosomes measured one to several thousand Angstroms. Since the desmosomes appeared to represent thickening of the plasma membrane, the intermembrane distance was narrowed at these points, although a lucent intermembrane gap of 60 or 80 Angstroms was still present.
Sarcosomes
Ultrastructure of the sarcosomes (mitochondria) in our study can only be interpreted within certain limitations because these were postmortem specimens. As would be anticipated, there was postmortem swelling and distortion of many sarcosomes. However, their total number and intracellular distribution, as well as their relationship to myofibrils and other organelles, were still clearly apparent. In the P cells the sarcosomes were sparse in number and randomly distributed without specific relationship to the myofibrils; thus their appearance resembled that of the sarcosomes in the P cells of the sinus node. As myofibrils increased in number and in parallel array in increasingly complex transitional cells, an associated increase in the intracellular organization of sarcosomes was observed, so that in the most complex transitional cells the sarcosomes were lined up in a sandwich array between parallel rows of myofibrils, just as they are in working myocardial cells. In Purkinje cells and transitional cells which were sarcosome-rich, they were packed throughout the cell; in sarcosome-poor cells the sarcosomes were arrayed (in sparse number) in lines between the similarly sparse myofibrils.
One special type of sarcosome ( fig. 13) As with interpretation of the sarcosomes, one must consider possible postmortem artifactual distortion of the sarcoplasmic reticulum. However, previous studies6 have suggested that such distortion is minimal in myocardial cells for many hours after death. The P cells of the human A-V node contained relatively little sarcoplasmic reticulum, as is also true in the human sinus node.' Pinocytotic vesicles were numerous along the plasma membrane of P cells both on the external surface and along intercellular apposed plasma membranes. Transitional cells contained increasingly well-developed sarcoplasmic reticulum, as well as elements of transverse tubular system in register along the Z bands ( fig. 14) In a recent review27 we have discussed the triage function of the A-V node, which consists of sorting and filtering the number and sequential order of supraventricular impulses. The same mechanism which is responsible for the normal delay in atrioventricular conduction undoubtedly accounts for much of the triage function, for example, in determining the maximal number of beats allowed to pass during atrial fibrillation. However, one of the mysteries in investigative electrocardiography has long been why the ventricular response during atrial fibrillation should be irregular if the delay function of the A-V node was a stable and consistent factor.28-30 Based on its light microscopic and ultrastructural appearance, there are two anatomic factors which may help account for this variable period of delay for succeeding cardiac cycles in atrial fibrillation: (1) several available input sites for the A-V node at its atrial margin, and (2) the inhomogeneity of its internal structure. The variable possible input sites for the many atrial signals which are inevitably arriving at the nodal margin during atrial fibrillation mean the node must become depolarized in several different fashions, depending on which point on its surface is stimulated earliest and whether this Circulation, Volume XXXVII, June 1968 same point has recovered its excitability following a previous stimulus. Even if the interior of the node were perfectly homogeneous (which it is not), a signal arriving at the node through fibers of the bypass region2 would enter the nodal margin at a point beyond which there was simply less A-V nodal tissue enroute to the His bundle than there is if a signal had arrived at the nodal crest. However, since the interior of the node is distinctly not homogeneous, whether a signal traversed the node with relatively more or less speed also depends on how many nonspecialized junctions it must pass between cells.
Although classic electrocardiographic concepts hold that there is no longitudinal dissociation or separation of impulse conduction in the His bundle and that it always conducts on an all or none principle similar to a single solid wire, we have recently reviewed other evidence that is against this concept.27 Such evidence includes among other things the longitudinal array of cells in the His bundle, the collagen septa normally present between these cells, and the electrophysiological significance of unspecialized lateral contact (or no lateral contact) between His bundle cells but the abundance of specialized longitudinal contact (intercalated discs). If it is conceded that longitudinal dissociation of impulse conduction in the His bundle may be a normal physiological phenomenon, then the form of excitation front leaving the A-V node to enter the His bundle becomes a factor of critical importance. The ultimate delivery of the stimulus from the His bundle to the ventricles and the form of the QRS complex would depend directly on the shape of the front arriving at the His bundle, and this in turn would dcpend at an earlier stage on the filtering or triage function of the A-V node.
For the triage function of the A-V node, the inhomogeneity of its component cells must be a major factor determining not only the speed of A-V nodal conduction but also the shape of the depolarizing wave front. In this electron micrograph the rounded border and simple internal structure of a human A-V nodal P cell are shown. The presence of Z bands in most of the myofibrils indicates this is not simply a fortuitous cross section of a cell at the nuclear level, but that the three dimensional shape of P cells must be spheroidal. 
